In this paper, an analysis of a convection-powered asphalt solar collector prototype is approached by the means of experimental trials and computational fluid dynamics (CFD) simulations in order to evaluate how to optimise its design for the reduction of high urban pavement temperatures. Since the energy harvesting setup consists of a series of pipes buried in the pavement, their arrangement is here studied and experimentally compared to a possible construction technique consisting of concrete corrugations that aim at replacing the pipes. CFD simulations are employed to optimise the air collection chamber which is placed immediately before the heated air leaves the asphalt solar collector prototype.
simulations are employed to optimise the air collection chamber which is placed immediately before the heated air leaves the asphalt solar collector prototype.
The data gathered is analysed in terms of energy harvested and exergy.
The results obtained show that for an overall optimal performance, pipes should be installed in a single row under the pavement wearing course. This allowed a surface temperature reduction of up to 5.5°C in the pavement prototype studied and the highest absorbed energy and exergy measured. In addition, the CFD simulations showed that care has to be put in finding the optimal shape and size for the air collection chamber, as they significantly influence the behaviour of the system. however, no studies focused on the shape and arrangement of the air channels 34 installed under the pavement or on the role of the air collection chamber, i.e.,
35
the volume where air is accumulated before exiting the pavement through the 36 chimney, which is here abbreviated to "air box" [26] .
37
In this paper, an asphalt solar collector prototype is experimentally studied with An asphalt solar collector prototype was built with the same general struc-52 ture as shown in [25] and [26] . The system (Fig. 1a) is made of two layers, i.e., 53 an asphalt wearing course (maximum aggregate size of 10 mm, 6% air void con-54 tent, 50 mm thickness) and an aggregate layer (silica sand, 130 mm thickness).
55
A set of 6, 1 m long, copper pipes were buried in the aggregate layer in 5 dif-
56
(a) Photo of the prototype in the laboratory.
(b) Main parts of the prototype disassembled (project phase rendering). The pipes are supported by the front and back panels of the prototype, which 64 also provide a precise control of their position and pitch ratio (center-to-center 65 distance, 37.5 mm). The remaining sides of the prototype were built with tim-66 ber slabs (18 mm thickness) and thermally insulated with extruded polystyrene 67 foam and bubble foil insulation so as to ensure no external heat loss.
68
The receptor chamber, into which the air from the pipes flows is called the air 69 box [25, 26] . On the top of the air box, a chimney was installed to form the 70 system outlet (see Fig. 1 ).
71
In Fig. 1b the components of the prototype are displayed side-by-side in order 72 to allow a clearer understanding of the interrelationship between the two sepa-73 rated timber boxes of which the system is made.
74
It is important to point out that the experimental method chosen for the analysis 75 of the pipe arrangements was aimed at assessing the effectiveness of the system 76 when the same total volume of pipes is installed in different ways. Therefore,
77
the results obtained evaluate the energy harvesting solar collector based on this 78 parameter and no considerations can be made based on different criteria, e.g.,
79
pipes installed per unit width of pavement. This is because to do so it would be 80 highly important to keep into account edge effects and the influence of nearby 81 pipes, which would have a significant influence on such kind of analysis. In this 82 paper, since all the pipes are considered together and they are placed at a high 83 enough distance from the sides of the prototype, edge effects are not expected Photo of the concrete slabs installed in the prototype..
Study of concrete corrugations as a construction technique

86
In the current literature, construction techniques for the implementation of 
92
The shapes considered for the concrete slabs are triangles and semicircles and 93 their size was chosen to obtain the same total volume as the pipes in order to 94 allow a direct comparison between the two different solutions (see Fig. 7 ).
95
The concrete slabs were installed in the prototype just below the asphalt surface,
96
thus, leaving a 90 mm high volume to be filled with silica sand (see Fig. 4a ). As 
100
The mix design for the concrete used to form the slabs is not discussed here, as it
101
is not relevant for the present study because only heating and cooling properties 102 are considered. 
Tools and testing conditions
104
The prototype under investigation was intended to simulate the energy with-
105
drawal from a hot pavement, therefore, a heating system was used to simulate 106 the Sun's radiation. As shown in Fig. 1a easier to detect differences in the results consequential upon differences in the 116 layouts analysed.
117
With reference to Fig. 5 and 4a, thermocouples were used to measure tempera- The energy absorbed by the operating fluid, q abs , can be quantified as explained
whereṁ is the mass flow of air in the chimney, c p is the specific heat capacity,
135
T c is the temperature of air at the chimney outlet, and T e is the temperature 
143
The mass flow of air is here calculated as:
where ρ is the density of air, v is the speed at the chimney outlet, and A is the cross section of the chimney. The density used in Eq. 2 is calculated with the 146 ideal gas law:
where p a is the atmospheric pressure (101325 Pa), R is the specific gas constant 148 for dry air, 287.058 J/(kg K), and T c is the temperature at the chimney outlet. as :
where T e is the temperature of the environment and T c is the temperature of 160 the air at the chimney outlet, (both in degrees K). From Eq. 4 it appears clear 161 that the closer the temperature at the chimney outlet is to the environmental 162 temperature, the lower the value of the Carnot factor will be. The Carnot factor 163 can be used to calculate the exergy associated with the heat absorbed by the 164 operating fluid, B abs :
Therefore, a low value of the Carnot factor will yield a low value of exergy, 166 meaning that the configuration being considered provides heat at a temperature 167 that is too close to the environmental temperature to be used effectively and 168 efficiently in a thermal device.
169
In this paper, the calculation of the exergy is used as a means to objectively 170 compare the different pipe arrangements considered. The reason for this is the need to find a physical parameter that can be calculated for all the scenarios 172 studied and that is independent of the specific geometric configuration used. In 173 fact, the performance of the experimental setups used in this paper differs due 174 to a combination of geometry, heat transfer, and fluid-dynamics, therefore, the 175 scenarios cannot be effectively compared based on a single criterion such as the 176 outlet air speed or the temperature reduction they allow. 
184
The geometry considered for the prototype pavement is the simplest one under 185 analysis, i.e., the configuration corresponding to Test 1 (pipes in a single row).
186
This choice is arbitrary and simulations involving variations in the design of the 187 air box with different pipe arrangements may yield different numerical results.
188
However, it can be hypothesised that such differences would be only in the nu- However, due to the simplicity of the system and the fixed boundary conditions 199 described in the next section, this was not pursued in the present article. were measured in the experimental phase.
215
The same kind of analysis could not be used to compare the results of Tests of the prototype as is. The CFD simulations performed considered the config-231 urations listed in Table 2 . 
Experimental results
259
The results gathered in the experiments are shown in Fig. 8-10 . For the fig-260 ures, the energy harvested shown on the vertical axis was calculated for steady 261 state conditions with Eq. 1 considering a hypothetical period of 1 h.
262
In Fig. 8 and Fig. 9 a temperature difference is shown on the horizontal axis.
263
This temperature difference represents the effect provided by the energy harvest-
264
ing asphalt solar collector compared with a scenario with no energy harvesting.
265
In particular, T s is the surface temperature, T b is the bottom temperature, and 
272
A preliminary look at the data shown in Fig. 8 and Fig. 9 is considered. 
Computational results
289
The results of the CFD simulations run with the geometric configurations 290 described in Section 3.1 are shown in Fig. 11-13 as interpolated curves based on 291 the computational results.
292
In Fig. 11 , the temperatures of the asphalt, of the sand, of the air in the air box, 
300
In the case of an air box with a triangular shape longitudinally (i.e., the base 
307
The behaviour of the air speed is shown in Fig. 13 , where it can be observed Furthermore, CFD simulations (see Fig. 7 ) were used to find the reason for the 318 different performances yielded by the two concrete slabs (see Fig. 8-10 ). The forming pipe arrangement is that with all pipes in a row (see Fig. 8-10 
Theoretical considerations on the outlet air speed
It is important to highlight that, generally, the experimental values of air 376 speed obtained were rather low (see Fig. 10 ). Therefore, in the case that the 377 air speed is relevant for the chosen application, e.g., for the use of air in a heat 378 exchanger, some solutions can be hypothesised to solve this issue.
379
The simplest solution is the improvement of the thermal properties of the ma-380 terials used, so that the air could absorb more energy and consequently reach a 
388
Another way to have the air absorb more heat is to increase the length of its 389 path under the pavement, e.g., using a serpentine layout. If the path available 390 for air flow was made more complex, however, the values of air speed may fur-
391
ther drop rather than increase due to the fact that the motion of air is powered 392 by natural convection and not by a fixed pressure differential (obtained, e.g.,
393
using a fan).
394
To better understand this it is helpful to introduce the concept of geometric 395 tortuosity. Geometric tortuosity for porous materials is defined as the ratio 396 between the length of a path completely inside the pores between two opposite 397 faces of the material and the Euclidean distance between its start and end points
398
[35]:
where τ g is the geometric tortuosity, L path is the actual length of the path in 400 the air pores of the material, and L E is the Euclidean distance. Now, if a 401 straight channel (e.g., pipes or corrugates slabs) is used to represent a highly 402 idealised pore, its tortuosity will be equal to 1. If a more complex pipe, e.g.,
403
a serpentine pipe, is used, the tortuosity will increase based on the length of the path according to Eq. 6. As a result, the permeability of the air channel 405 would decrease as the tortuosity increases. In particular, permeability to gases 406 is usually measured using Darcy's law and is a function of the pressure difference 407 between the ends of the material [36]:
where κ is the permeability of the material, v is the fluid velocity in the pores,
409
µ is the dynamic viscosity of the fluid, ∆x is the thickness of the material,
410
and ∆P is the pressure difference between the inlet and outlet of the pore(s).
411
The effect of an increased tortuosity on Eq. 7 is an increased pressure needed
412
to obtain the same value of air flow seen with, e.g., a straight pipe. This is 413 because generally speaking more tortuous paths imply higher head losses. In 414 fact, in a longer path the higher length will cause higher losses due to friction, The first important result found with the computational simulations is that the 458 air box has a fundamental role in the design of the system. When a manifold ge-459 ometry is used, the chimney outlet temperature is the highest found, however,
460
as mentioned in Section 4.2, a very small temperature reduction is achieved.
461
Therefore, the only use of the system would be related to the possible use of the 462 heated air exiting the chimney, which removes one of the main purposes of the asphalt solar collector designed, i.e., achieving a temperature reduction at the 464 pavement surface.
465
When an air box is used, the observation of Fig. 13 suggests that the maxi- 
468
If these intervals are considered in Fig. 11 and 12 , it can be seen that the air 469 box temperature, the sand temperature, and the outlet temperature are at their 470 minimum values. On the other hand, the average asphalt temperature is approx-
471
imately at its maximum point for both the cross sections considered. Therefore,
472
when the above-mentioned intervals are considered, the thermal energy of the 473 outlet air flow is the lowest due to the fact that the outlet temperature curves 474 in Fig. 11 and 12 are at their minimum points.
475
A different way to look at the data in Fig. 11 -13 is to make a decision based on 476 the highest outlet temperature that can be achieved, which could be useful in 
484
The conclusion that can be drawn from the analysis of the computational re-485 sults obtained is that the design of the air box must be based on the effect that 
526
• The pipe arrangement that yields the lowest surface temperature along 527 with the highest air speed is the installation of all the energy harvesting 528 pipes in a single row under the pavement wearing course.
529
• It is possible to replace pipes with concrete corrugations and obtain a 530 pavement cooling effect. This, however, provides a reduced cooling (i.e., 531 energy harvesting) performance, thus, further studies are encouraged.
532
• The fluid dynamic losses in concrete corrugations have a clear influence on
533
the results due to the fact that a rather low pressure difference exists be-
534
tween the inlet and the outlet of the system. For this reason, semicircular
535
(or circular) corrugations should be used.
536
• The difference between the various configurations in terms of exergy is 537 rather low, thus, the effect of the pipe arrangements on the system per-538 formance is small.
539
• The exergy of the heat fluxes obtained in the experiments is low, therefore, 540 low-enthalpy systems should be considered for possible applications using 541 the energy harvested (e.g., using heat pumps).
542
• The role of the air box was clarified and it was shown that it is a fun- 
546
• The volume of the air box needs to be chosen in the design stage based 547 on the effect that needs to be achieved (energy generation or temperature 548 reduction).
549
• The use of a manifold in the place of an air box allows a high outlet 550 temperature, however, a very small cooling effect is achieved. 
